Recently, dynamic approach has been applied to determine the steady state concentrations of multiple ionic species present in complex buffers at equilibrium. Here, we have used the dynamic approach to explicitly model the pH profiles of biologically relevant phosphate buffer and universal buffer (a mixture of three tri-protic acids such as citric acid, boric acid and phosphoric acid). The results from dynamic approach are identical to that of the conventional algebraic approach, but with an added advantage that the dynamic approach, allow for the modelling of complex buffer systems relatively easy compared to that of algebraic method.
Introduction
Buffer preparation is an integral part of several in-vitro and in-vivo experiments performed in biological studies. Buffer by definition is a mixture of weak acid and its conjugate base, or a mixture of weak base and its conjugate acid. The pK a of the weak acid or the pK b of the weak base defines the buffering capacity of the buffers used for in the experiments. Simple buffers are prepared by titrating specified quantity of acid/base (mono-, di-or tri-acidic/alkaline) against alkali/acid till the desired pH is achieved. It is necessary that the final pH should be within the buffering capacity of the acid/base being considered, for the buffer to be effective. Biologically relevant buffers such as phosphate buffers are prepared by titrating equi-molar concentration of mono hydrogen phosphate against dihydrogen phosphate or vice-versa till a desired pH is reached. Complex buffer such as universal buffer are prepared by titrating a mixture of two or three tri-protic acids with an alkali or tri-sodium salt of phosphoric acid [1] .
Two mathematical approaches namely, the algebraic [2, 3] and the dynamic approach [4] [5] [6] are available to predict the pH profiles of complex buffer systems. In this work, we explicitly derive the analytical expression for phosphate and universal buffer using algebraic as well as differential dynamic approach. The derived models were used to backpredict the pH profiles of phosphate and universal buffer solutions reported earlier [7] . The theoretical predictions are in good agreement with the experimental data, validating the accuracy of the proposed models.
Theory
Consider the volumetric titration of a weak mono-protic acid (HA) in the presence of strong alkali such as NaOH . At the outset, the weak acid exists in the form of both unionized form HA [ ]and its ionized form
The equilibrium between these two states can be written as (Eq. 
k 1 , k −1 are the kinetic rates for the dissociation and association of the weak acid, respectively. The irreversible dissociation of alkali during the titration is given by (Eq. (2)),
k 2 is the kinetic rate for the irreversible dissociation of the alkali. Unlike, weak acid, the dissociation of the strong base/acid are represented through irreversible reactions. Finally the dissociation of water is given by (Eq. (3)),
k w ,k w − are the forward and reverse kinetic rates for the dissociation of water, respectively. The pH profile of the weak acid upon addition of alkali results in a typical weak acid-base titration curve containing buffering region (where, pH=pK a ) and equivalence point [8, 2, 3] . To predict the pH profile of a titration, an analytical equation that relates pH with the concentration of the alkali is necessary [9] . The derivation for such titrations are available in several literatures, text-books and online resources [10] Alternatively, pH can also be predicted using dynamic approach, where we first assume a kinetic model and then frame a set of differential equation based on the model [6] (please refer Supporting information).
In the above differential equations from (4) to (7) ], present at the onset of the titration. Thereby, the rate equation for [NaOH] can be explicitly excluded from the above model.
In order to obtain a steady-state concentration, the above set of coupled differential equations are integration over a long period of time, such that, the equilibrium state had been reached. The [H + ] concentration obtained after equilibrium is achieved can be used to calculate the pH profile of the titration. The simulations of monoprotic, di-protic, tri-protic, phosphate buffer and universal buffer titrated with NaOH is shown in Fig. 1 . Additionally, the titration of amino-hydroxyl compound with HCl is also presented in Fig. 1 . The simulations carried out using algebraic as well as dynamic approach generated identical results. For the simulation of mono-protic acid, the rate constants k 1 , k −1 ,k w , k w − , were set to 10 respectively. The matlab [11] codes for simulation of mono-protic acid is provided in the supporting information. The simulation of di-protic acid was carried out using rate constants, , respectively. The k 2 , k −2 are the k on , k off rate constants for the second ionisable moiety of the diprotic acid. The simulation of tri-protic acid was carried out using rate constants, k 1 
In the above Eqs., (8)- (10) 
NaH PO Na H PO
Na HPO Na HPO → 2 +
In the above Eqs. ] is the hydroxyl ion generated by dissociation of alkali as well as water. k 1 , k 2 , k 3 , k w are the forward kinetic rates and k −1 , k −2 , k −3 , k w − are the reverse kinetic rates for the equilibriums in Eqs. (8), (9), (10), (13), respectively. k 4 , k 5 , in Eqs. (11), (12) 
and K W are the equilibrium constants obtained from the equilibrium conditions, represented by Eqs., (8) , (9), (10) and (13), respectively. The ratio of forward kinetic rate to reverse kinetic rate yields the equilibrium constants; i.e., K =
. 2.1.1.2. Dynamic approach for phosphate buffer. To predict the pH for a titration curve using differential approach, we frame the following system of differential equations based on the kinetic model (Eqs. (8) to (13) ] 0 , were varied for each simulation to obtain the entire pH profile of the titration data. The simulation of phosphate buffer using algebraic and dynamic approach is shown in Fig. 1 (E).
Universal buffer 2.2.1. Kinetic model for universal buffer
Universal buffer contains a mixture of three tri-protic acids namely, phosphoric acid, citric acid and boric acid. The preparation of universal buffer involves, preparing a mixture of citric and boric acid at appropriate concentrations and titrating it against tri-sodium salt of phosphoric acid to a desired pH value.
We assumed the following kinetic model for the universal buffer: 
In the above Eqs. (22) 
, k −10 ,k w − , are the reverse kinetic rates for the equilibriums in Eqs. (25), (27), (28), (30)-(33), (35), (36), respectively. The simulation of universal buffer was carried out using rate constants, k 1 , respectively. The rate constants k 1 through k −3 , corresponds to kinetic dissociation of phosphoric acid, k 5 through k −7 , corresponds to kinetic dissociation of citric acid, k 8 through k −10 , corresponds to kinetic dissociation of boric acid. The rate constant, k 4 , represents the irreversible dissociation of tri-sodium phosphate, which was considered to be the sole alkali component of the titration (Fig. 1) .
Alternatively, universal buffer can also be prepared by titrating a mixture of phosphoric, citric and boric acid with NaOH. The kinetic model for such a system will differ by inclusion of dissociation of [NaOH] 0 instead of [Na 3 PO 4 ] 0 . The simulation of universal buffer system with NaOH as alkali titrant is shown in Fig. 1(F) . In the present work, we will be considering universal buffer which is prepared by titrating mixture of citric and boric acid with Na 3 PO 4 , as the sole alkali component. 
Results
Experimental pH profiles for the standard phosphate buffer within the pH range 6-7.2 (Table 1 ) and 5.8-8 (Table 2) are available in molecular biology protocols [7] . In this experimental protocol, 0.1/ 1.0 M solution of mono sodium phosphate was mixed with 0.1/1.0 M di-sodium phosphate at specified ratios to prepare buffer solutions of desired pH [7] . At the outset, we tried to simulate the pH profile that would closely resemble the experimental pH profile, using the standard pK a of phosphoric acid, i.e. 2.1, 7.2, 12.0. The simulated profile and the experimental profile showed discrepancy due to the fact that the standard values obtained from literature need not necessarily correlate with the optimized set of pK a values that pertains to the experimental condition. In order to minimize the difference between the experimental and simulation we directly fitted the experimental data to the phosphate model by varying the pK a values. In-house written matlab codes were used to perform the optimization of pK a values. The curve fitting yielded an optimized pK a values of 2.239, 6.864, 11.627 for phosphoric acid in a phosphate buffer prepared using 0.1 M stock solution. Similarly the optimized, pK a values of 2.15, 6.8537 and 8.768 were obtained for phosphoric acid in a phosphate buffer prepared using 1 M stock solution. The pH profiles optimized using dynamic approach were in excellent agreement with the experimental values with a maximum deviation of 0.001 pH units at pH 7.6 and 0.015 pH units at pH 7.2 for 0.1 M and 1 M buffer solution, respectively (Fig. 2) .
Titrated pH profile for universal buffer within the pH range 2-12 (Table 3) is obtained from earlier literature [1] . As seen for phosphate buffer, the simulated pH profile of universal buffer also showed discrepancy with the experimental value when standard pK a values (Citric acid: 3.1, 4.7, 5.4; Boric acid: 9.2, 12.4, 13.3) were used, owing to the fact that pK a values are sensitive to ionic concentration and temperature [1] . To minimize the difference between the simulated profile and the experimental data, we optimized the pK a values through curve fitting using dynamic model. The optimized pK a values for phosphoric acid were 3.259, 7.029, 12.233. The optimized pK a values for citric acid were, 2.628, 4.431, 5.620, and the optimized pK a values for boric acid were and 9.770, 12.507, 12.92. The fitted pH profile using optimized pK a values for phosphoric, citric and boric acid agreed well with the experimental data with a maximum deviation of only 0.22 pH unit for pH 10.5 (Fig. 3 ).
Discussion
It is natural for the simulated pH profiles to deviate from the experimental pH profiles, when standard pK a values are used in the calculation. Appropriate correction factors are to be incorporated to the standard pK a values before any comparison is made between the simulation and the experimental pH profiles. Such discrepancies arise largely due to the dependence of pK a on physical factors such as ionic strength and temperature. The explicit expression for pK a is given as pK a =-log 10 (K A ); where K A is the equilibrium constant of the dissociation process [12] . In general, the K A is calculated from the ratio of concentrations of product to reactants, i.e. K = , ∏ j n =1 represents the multiplication of each terms whose index goes from i=1 to m or j=1 to n for reactant and products, respectively. Practically, due to ionic nature of the P i and R i , the concentrations [P i ] and [R i ], ought to be replaced with activities P { } i and R { } i [13] , which are represented as the multiplication of activity coefficient (γ Pi ) with the respective concentrations (
To obtain accurate pK a values which compares well with the experimental results for the simulations, K ⊖ A , the thermodynamic equilibrium constant, should be used instead of K A . The mathematical expression that relates K ⊖ A with K A is,
. If γ, the cumulative activity coefficient, can be determined experimentally, then the correction factor due to ionic strength at high concentrations can be easily incorporated in to the pK a value. In the case of phosphate buffer, the standard pKa value for the dissociation of di-anionic phosphate to tri-anionic phosphate is around 12.0; whereas, the optimized pKa value for 0.1 M and 1 M phosphate buffer were, 11.6 and 8.8, respectively. A significant decrease of~2.8 pH units observed for the optimized pKa value in the case of 1 M phosphate buffer, in comparison with the standard value, is largely due to the increased ionic effect seen at high concentration of the buffer solutions. In addition to ionic activity, temperature also affects the value of thermodynamic equilibrium constant, K ⊖ A [14] . The relationship between temperature T and K ⊖ A is given by ΔG RT K =− ln ⊖ ⊖ A [10] . Where, ΔG ⊖ , is the Gibbs free energy, R is the Gas constant. Temperature dependent correction factors are also needed be incorpo- Table 2 The pH profile of the 0.1 M phosphate buffer prepared by mixing different ratios of 0.1 M NaH 2 PO 4 and 0.1 M Na 2 HPO 4 , The experimental values are model fitted using dynamic approach and the back-calculated pH values based on optimized pKa values are tabulated below. Experimental Back calculated rated in to pK a , when ΔG ⊖ and T are known. By making appropriate corrections to pK a based on ionic activity and temperature effect, pH profiles that closely resembles the experimental values can be realized. In our case, we directly fitted the experimental data to the buffer models based on dynamic approach to obtain optimized pK a values, circumventing the need for calculating the correction factors due to ionic and temperature effect. The optimized pK a values are infact a self-corrective pK a that implicitly takes into account the combined effects of ionic strength and temperature. During numerical simulation of pH profile using dynamic approach, in addition to using optimized pK a values, it is also necessary to evolve the system of differential equations for a longer period of time. If we let the differential equations to evolve for a shorter time period, the resulting solutions will only represent a pre-steady state condition which is still dynamically varying with time rather than the final equilibrium state. Hence, it is quint essential to evolve the system of differential equations for a longer period of time (e.g. > 10 15 s) so as to attain accurate pH values at equilibrium condition.
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